Background: Quantitation analysis and chromatographic fingerprint of multi-components are frequently used to evaluate quality of herbal medicines but fail to reveal activity of the components. It is necessary to develop a rational approach of chromatography coupled with activity detection for quality assessment of herbal medicines. Methods: An on-line HPLC-ultraviolet detection-2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) free radical scavenging (HPLC-UV-ABTS) method was developed to obtain the chromatographic fingerprints and ABTS +• inhibition profiles (active fingerprints) of Rehmanniae Radix (Dihuang) and Rehmannia Radix Praeparata (Shu Dihuang). Eighteen compounds showing ABTS +• inhibition activity were identified by HPLC-fourier-transform mass spectrometry (HPLC-FTMS). Verbascoside was used as a positive control to evaluate the total activities of the samples and the contribution rate of each compound. The similarities of the chromatographic and active fingerprints were estimated by the vectorial angle cosine method.
Background
Rehmannia glutinosa Libosch, one of the most common and important medicinal plants in China, is recorded in Chinese medical classic 'Shennong's Herba'. R. glutinosa based on the different processing methods is classified into three categories, namely fresh roots, dried roots (Dihuang), and steamed roots (Shu Dihuang), and they are applied to treat different diseases clinically. Shu Dihuang is usually applied to in the traditional Chinese medicine formulas that can nourish the Yin deficiency of liver, kidney and heart [1] [2] [3] . Many clinical and experimental studies have reported that the root of R. glutinosa possesses hypoglycaemic [4] , anti-oxidant [5, 6] anti-cancer [7] , anti-inflammatory [8] , and immuneenhancement effects [9] .
Iridoid glycosides are considered the main active ingredients in Dihuang. At present, a number of chemical constituents from Dihuang, such as iridoids, ionone glucosides, sesquiterpenes and phenylethanoid glycosides [10] [11] [12] , have been isolated and identified. In the Chinese Pharmacopoeia (Ch. P), catalpol and verbascoside were quantified by HPLC methods to control the quality of Dihuang and Shu Dihuang, and 1,1-Diphenyl-2-picrylhydrazyl (DPPH) scavenging method was applied to distinguish verbascoside through thin layer chromatography (TLC) [13] . However, these methods might not be able to reveal efficiently the bioactivity of the compounds in Dihuang and Shu Dihuang.
Free radicals may be involved in cancer, ageing and cardiovascular diseases [14] . There has been a large research focus on antioxidants, especially plant-derived antioxidants. In order to identify efficiently antioxidants in complex extracts, the combinational techniques such as HPLC-DAD-DPPH, HPLC-DAD-ABTS, DPPH-CE-DAD and ABTS-CE-DAD for the analysis of DPPH • and ABTS +• scavenging activities, have been developed to screen radical scavengers in herbal medicines [15] [16] [17] [18] [19] . In these on-line methods, antioxidants separated by HPLC and CE will produce their negative peaks in real time detected at 517 nm for DPPH • or at 414/734 nm for ABTS +• . This avoids the long and tedious process of bioassay-guided fractionation and isolation for structure elucidation in searching antioxidants from complex matrixes. Although the on-line methods have been used to evaluate the antioxidant activity of some herbal medicines, their effectiveness and extensive application need to be further verified.
In this study, an on-line HPLC-UV-ABTS method was developed to screen antioxidants in Dihuang and Shu Dihuang. The chromatographic and active fingerprints could be simultaneously obtained, and antioxidants from the two herbs were compared and identified by HPLC-FTMS. The angle cosine method was used to analyze the similarities of the chromatographic and active fingerprints.
Thus, the quality of the herbs could be assessed comprehensively through the proposed research methods.
Methods

Materials and reagents
The information of the Dihuang and Shu Dihuang samples was listed in Additional file 1. Thirteen batches of Dihuang and 13 batches of Shu Dihuang samples were purchased from eleven manufacturers in China. Seven batches of Dihuang samples from the five manufacturers in Hubei province were recorded as S01, S02, S03, S04, S05, S06 and S12. Four batches of Dihuang samples from the four manufacturers in Anhui province were labeled as S07, S08, S09 and S13, while S10 and S11 were collected from the manufacturers of Guangzhou and Hangzhou, respectively. The thirteen of batches of Shu Dihuang samples from the same manufacturers were labeled as P01-13. Verbascoside was purchased from Chromadex (Irvine, America). ABTS was purchased from TCI (Shanghai, China).
HPLC and MS grade acetonitrile were obtained from Merck Drugs & Biotechnology (Darmstadt, Germany). Formic acid (FA) was purchased from Aladdin industrial corporation (Shanghai, China). Sodium chloride (NaCl), sodium dihydrogen phosphate (NaH 2 PO 4 ), potassium chloride (KCl), potassium persulfate (K 2 S 2 O 8 ), disodium hydrogen phosphate (Na 2 HPO 4 ), sodium dihydrogen phosphate (NaH 2 PO 4 ), sodium phosphate (Na 3 PO 3 ) and acetic acid were analytical reagent grade. The water used was purified from a Millipore water purification system (Millipore, Bedford, MA, USA).
Preparation of sample and standard solutions
All of the Dihuang and Shu Dihuang samples were dried at 60°C under reduced pressure and pulverized to coarse powder. Sample powder (3 g) was extracted twice with 70 mL methanol for 40 min by ultra-sonication at room temperature. The extract solutions were filtered and mixed, then evaporated to dryness under vacuum and diluted with 15% ethanol to 10 mL. After being centrifuged at 10000 rpm for 10 min, an aliquot of 20 μL solution was analyzed by HPLC. Verbascoside (7.78 mg and 3.81 mg) was weighed accurately and dissolved in 50 mL by methanol as the stock solutions. The different concentrations solutions, such as 3.05、6.10、18.7、50.3、99.6 and 155.6 μg/mL, were obtained through diluting the stock solutions with methanol. The standard solutions were used to set up the correlative graphs and equations between inhibiting peak areas and the concentrations of verbascoside.
Preparation of ABTS solution
A stock solution was prepared with ABTS (0.110 g) dissolved in 100 mL of PBS solution (4.1 g NaCl, 0.135 g NaH 2 PO 4 , 0.7 g Na 2 HPO 4 and 0.075 g KCl in 500 mL) containing 0.3 mM K 2 S 2 O 8 . A 2.0 mM stock solution was diluted using PBS solution containing 10% methanol to 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 mM, respectively. In online analysis, ABTS solution was freshly prepared and protected from light and cooled in an ice bath.
HPLC-UV-ABTS assay
The HPLC-UV-ABTS system was reported in our previous publication [20] . The on-line instrumentation consisted of a Waters HPLC for chromatographic fingerprint analysis at 334 nm or 250 nm and an Ultimate 3000 UV detector for ABTS +• scavenging analysis at 734 nm. ABTS solution was delivered with an injection pump of Pickering PCX Della (Pichering Laboratories Inc., USA) at the flow rate of 0.5 mL/min after PDA detector, and then the elution was mixed with ABTS solution after PDA detector through a reaction coil with 1.4 mL volume. The reaction products were determined at 734 nm by UV detector (Ultimate 3000). All other parts of the HPLC-UV-ABTS system were interconnected using polyether ether ketone (PEEK, 0.5 mm i.d.) tubes and T-shaped PEEK tubes.
Agilent Extend C 18 columns (250 mm × 4.6 mm, 5 μm) were used for all chromatographic separations. The mobile phase comprised 0.1% (v/v) acetic acid (A) and acetonitrile (B). Gradient elution was performed as follows: 2-4% B in 0-10 min, 4-15% B in 10-40 min, 15-25% B in 40-55 min, 25-30% B in 55-60 min and 30-95% B in 60-65 min. The flow rate was 1.0 mL/min and column temperature was maintained at 30°C. The detection wavelength was set at 334 and 250 nm for acquiring chromatograms. An aliquot of 20 μL sample solution was injected for HPLC-UV-ABTS analysis.
HPLC-FTMS analysis
Thermo Scientific Orbitrap Fusion Tribrid HPLC-MS system was controlled by Xcalibur software (Version 3.0). The chromatographic conditions were the same as those in the HPLC-UV-ABTS analysis. The mobile phase was split after the DAD detector by a T-tube connected using two PEEK tubes with the same inner i.d. and different length. The split solution with a flow rate of 0.2 mL/min finally arrived at the MS detector.
The MS experiments were performed to get an accurate MS and MS 2 of the new analogue. The ionization source was operated in the negative ionization modes with the flow rates of the sheath gas and auxiliary gas at 40 and 10 arbitrary unit, respectively, capillary temperature at 320°C, ion spray source capillary at 2.5 kV, source current at 100 μA. Six scan events were selected in the MS experiment. Scan event 1 was used for full scan with scan range from 100 to 1000 m/z and resolution 60,000. Scan events 2-6 were used to produce MS 2 through dependent scans selecting the 1th to 5th most intense ions in scan event 1 and resolution 15,000. Collision energy was set at 35 V using High Energy Collision Dissociation (HCD).
Similarity of the two-dimensional fingerprint
It is well known that the samples with similar chromatographic fingerprint possess likely similar properties. Therefore, the consistency of herbal medicines can be tested through comparing the similarity between the chromatographic fingerprints of samples and the reference/standard fingerprints.
In this paper, a data analysis method was employed to evaluate the similarity of the two-dimensional fingerprint [21] . The chromatographic and active fingerprints from HPLC-UV-ABTS method were represented mathematically by a vector of their chromatographic peak areas and inhibiting peak areas. Thus, taking the two-dimensional fingerprint as an example, assume that vector X (x 1 , x 2 ,
) represents the chromatographic or active fingerprint and the other vector Y (y 1 
) represents the reference fingerprints, while the vector angle of X and Y is calculated by the formula. The two vectors are more similar when the cosine values are near 1.
Where x i denotes absolute peak area of chromatographic or active fingerprints, and y i denotes mean area of the peak.
Results
Optimization of HPLC-UV-ABTS analysis conditions
HPLC-UV-ABTS was developed for the determination of free radical scavengers in the complex matrixes due to a relatively simple and stable instrument system. Methanol/acetonitrile-acid aqueous solution used as mobile phases were compatible with the on-line detection of ABTS +• inhibition after column or UV detector. Baseline was relatively stable due to the buffer effect of ABTS dissolved in buffer solutions to mobile phases.
The concentrations of the ABTS solution affected directly the sensitivity of the HPLC-UV-ABTS method. In view of this, the different concentrations of ABTS including 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 mM were investigated. The results showed that the stronger inhibition peaks were produced when the lower concentrations of ABTS were selected, while the higher concentrations induced strong baseline draft. Finally, 0.6 mM ABTS was used to analysis the antioxidants in the two herbs. Additionally, the flow rates at 0.25 and 0.5 mL/min for the ABTS solution were optimized. The flow rate of 0.5 mL/min was finally selected owing to a long time delay from the lower flow rate for ABTS +• scavenging analysis.
Method validation for HPLC-UV-ABTS
The analytical methods of the chromatographic and active fingerprints were validated based on retention times, peak areas and ABTS +• inhibition peak areas. The intraday precisions of HPLC-PDA were 0.086-0.75% (n = 5) for retention times and 0.70-1.46% (n = 5) for peak areas, while the inter-day precisions were 0.10-0.83% (n = 5) for retention times and 1.18-3.37% (n = 5) for peak areas. The intra-day precisions of HPLC-UV-ABTS were within the range of 0.028-0.93% (n = 5) for retention times and 0.069-0.95% (n = 5) for negative peak areas, whereas the inter-day precisions were 1.23-4.73% (n = 5) for retention times and 1.66-5.71% (n = 5) for negative peak areas.
On-line HPLC-UV-ABTS analysis
The chromatographic and active fingerprints of Dihuang and Shu Dihuang were shown in Fig. 1 . Although chromatographic fingerprints of Dihuang and Shu Dihuang were similar, their active fingerprints were different. Fourteen negative peaks were observed in Dihuang (Fig. 1a) , while there were 17 inhibition peaks in Shu Dihuang (Fig. 1b) . The negative peaks 1, 2, 3, 4, 8, 9, 10 and 16 in Shu Dihuang were stronger than those in Dihuang. In addition, several new negative peaks were found in Shu Dihuang such as 5, 6 and 7, and negative peak 12 in Dihuang disappeared.
In Fig. 1a and b, few peaks were observed from 10 min to 40 min in the chromatographic fingerprints of the two herbs detected at 334 nm, while some weak peaks could be found at 250 nm and these peaks in Shu Dihuang showed obvious ABTS +• inhibition activity, such as peaks 3-9. In view of stronger chromatographic signal at 334 nm for iridoid glycosides as main components in the two herbs, the chromatographic fingerprints were detected at this wavelength. Furthermore, ABTS +• scavenging activity was detected usually at 414 nm and 734 nm, but the wavelength at 734 nm was selected in order to avoid the interference from the herb extracts at 414 nm.
The activity evaluation of antioxidants in samples
As shown in Fig. 1 , there were 18 antioxidants in the Dihuang and Shu Dihuang samples and their capacities for scavenging ABTS +• were obviously different. However, it was difficult to evaluate and compare the activity of the antioxidants due to the impossibility of all the standards obtained. Some publications reported that the relative potencies of the antioxidants in complex extracts could be evaluated by the "quantity-effect" equation of a positive control [22, 23] . Thus the potencies of the antioxidants against free radical could be compared and antioxidant activity of a complex extract could be obtained through calculating the total potency of all the antioxidant components.
In Figs. 1 and 2 , verbascoside showed strong ABTS +• scavenging activity in all the Dihuang and Shu Dihuang samples, so it was applied as a positive control. The functional equation of verbascoside y = 2E-07 × 4 -8E-05 × 3 + 0.0079 × 2 + 0.5755x + 1.4754 (R 2 = 1) was generated Fig. 4a and b . The potencies of the antioxidants in Dihuang and Shu Dihuang were markedly different. In Fig. 4a , peak 2, 11, 12, 13 and 14 in the Dihuang samples showed strong ABTS +• inhibition activity, while the antioxidant potencies of peak 1, 2, 3, 4, 11, 13, 14 and 16 in the Shu Dihuang samples were twice to ten times than those in the Dihuang samples (Fig. 4b ). In addition, the activity of peak 1, 2, 3, 4, 8 and 16 in Shu Dihuang increased and this might attributed to the processing action of Dihuang. In our previous study, the HPLC-UV-DPPH method was developed to compare DPPH • scavengers in Dihuang and Shu Dihuang [24] , and the results were consistent with the above the results of HPLC-UV-ABTS analysis.
Main antioxidants in Dihuang and Shu Dihuang
The eighteen negative peaks in Fig. 1 were identified by HPLC-FTMS and comparison with reference standards and the data in related literatures [12] , and the MS data were listed in Table 1 . As shown in Table 1 , the most common inhibition peaks were iridoid glycosides, such as peaks 6-18 except for peak 8. In the Dihuang samples, the stronger negative peaks 11, 12, 13, 14 and 16 were identified as echinacoside, isomer of echinacoside, jionoside A1/A2, verbascoside and isoverbascoside, respectively. While peak 1, 4, 8 and 9 showing stronger activity in the Shu Dihuang samples were identified as glutinoside, geniposidic acid, mussarnosidic acid, and syringic acid-4-O-α-L-rhamnoside, respectively. Peaks 2 and 3 needed to be further identified.
Iridoid glycosides are main ingredients in Dihuang and Shu Dihuang, and verbascoside exhibiting stronger antioxidant activity is used to control quality of the two herbs in Ch. P. However, the activity of the other iridoid glycosides can't be ignored. The contributions of 18 antioxidants in the Dihuang and Shu Dihuang samples to the total activity were shown in Fig. 5 (Additional file 4) . In Fig. 5a , peaks 2, 11 and 14 in the Dihuang samples exhibited their high contributions, and the total contribution percentage of the three main active components in the Dihuang was 39.2-58.1%. Peaks 1, 2, 3, 11, 14 and 16 in the Shu Dihuang samples showed their high contributions (Fig. 5b) , and the total contribution percentage of peak 2, 11 and 14 was 55.9-69.4%. In addition, the contributions of peak 1, 2, 3, 4, 8 and 16 in the Shu Dihuang samples were twice to twenty times than those in the Di Huang samples, while 
Similarity for Dihuang and Shu Dihuang samples
The chromatographic and active fingerprints of the thirteen batches of the Dihuang and Shu Dihuang samples from the different manufacturers were displayed in Fig. 2 . As shown in Fig. 2a and b , the chromatographic and active fingerprints among the different samples were similar. In order to evaluate objectively the quality of the samples, the angle cosine method was employed to analyze the similarities of the two fingerprints. The angle cosine values of each chromatographic and active fingerprint to their respective reference chromatogram were calculated and listed in Table 2 . The raw data were shown in Additional file 5 and Additional file 6. In Table 2 , the different common peaks were used to evaluate the Fig. 3 The correlative graphs and equations between the negative peak areas and concentrations for verbascoside against ABTS +• Fig. 4 The similarities of the two fingerprints. The peak 12 was not detected in the Shu Dihuang samples, so 8 common peaks were selected in the similarity evaluation of the chromatographic fingerprints. Fifteen and seventeen common peaks were used to analyze the similarity of the active fingerprints of the Dihuang and Shu Dihuang samples, respectively. As shown in Table 2 , the chromatographic and active fingerprints of the samples represented their differences to some extent. The similarity values of S03 and S12 in the two fingerprints were lower than those of the other samples, and their similarity values in the active fingerprints were less than 0.9. Moreover, the similarity value of P03 in the chromatographic fingerprints was lower than that of the other samples and less than 0.9 in the active fingerprints. Although the similarity values of the two fingerprints were differences, the quality of the Dihuang and the Shu Dihuang samples were basically consistent except for the several samples.
Discussion
In this study, the HPLC-UV-ABTS method was developed to evaluate the main antioxidants and quality of Flow rate of 0.5 mL/min for ABTS solution was applied due to a long time delay and lower resolution of the active fingerprints from the lower flow rates. Under the above analysis conditions, the method validation of HPLC-UV-ABTS was investigated through the intra-day and inter-day precisions of the chromatographic peaks, the negative peaks and retention times. The results indicated that the on-line method was stable and reproducible.
The chromatographic fingerprints of all the samples were detected at 334 nm, while some minor peaks were found in the chromatographic fingerprints of Shu Dihuang at 250 nm and showed their ABTS +• scavenging activity. These minor peaks are hardly focused on owing to their weak signals in the chromatographic fingerprints. Chromatographic fingerprint mainly showing characteristics of strong peaks gave too much weight to major peaks than to minor peaks. In view of this, the similarities of the chromatographic and active fingerprints were evaluated and compared by the vector angle cosine method. Similarity values of several samples were less than 0.9. This might imply their different quality with the other samples. Thus, the combination method of the chromatographic and active fingerprints could evaluate objectively the quality of herbal medicines.
In order to assess and compare the activity of the components in the Dihuang and Shu Dihuang samples, verbascoside was used as a positive control to obtain the relative activity of the ABTS +• inhibition peaks. The results found that the active components in the two herbs were markedly different. Contents of some components in Dihuang were changed after being processed so as to induce their different activity in the two herbs. This might imply the different therapeutic effects of the two herbs in clinical to some extent. Thus, the "quantity-effect" research method displayed its important action in the quality evaluation and identification of the active compounds of herbal medicines.
Conclusion
In this study, the on-line HPLC-UV-ABTS method and a "quantity-effect" research idea were developed to evaluate the quality and antioxidant activity of the Dihuang and Shu Dihuang samples from the different manufacturers. The results revealed that the antioxidants in the Shu Dihuang samples were obviously different from those in the Dihuang samples owing to the contents of some components having changed after Dihuang was processed. Iridoid glycosides were the main antioxidants and their contributions to the total activity were higher, while the new produced ingredients in Shu Dihuang displaying significant ABTS +• inhibition activity could not be ignored. In short, the HPLC-UV-ABTS method was simple, rapid and reliable and could be applied widely to screen the antioxidants and evaluate the antioxidant activity of the complex extracts. The combination method of the chromatographic and active fingerprints could evaluate integratedly the active components of the complex matrixes and might be valuable and meaningful for improving the quality control of herbal medicines.
